Many aspects of soil microbiology are studied at the community level. The characteristics of a microbial community will to some extent reflect the conditions of growth, i.e., nutrient availability and the physical environment prior to sampling, and these factors may therefore influence analyses of biomass size, community structure, and metabolic activities. Similarly, the disturbances introduced by sampling and subsequent handling (e.g., homogenization and adjustment of water content) as well as conditions of storage or incubation may affect the microbial community.
Phospholipid fatty acid (PLFA) analyses of microbial communities have only recently been introduced to the soil environment (3, 9) . Phospholipids constitute an important part of all cell membranes, and thus the phospholipids of a given sample, as reflected in the composition of the associated long-chain fatty acids, are taken as a fingerprint of the microbial community. However, from pure culture studies it is well established that membrane lipids are much affected by environmental factors (31) ; therefore, species composition is not the only variable involved.
The environmental factor that most directly affects PLFA composition is temperature because of its impact on membrane function. The fluidity of the lipid bilayer will increase with an increase in temperature and may result in the formation of non-bilayer phases, which will affect membrane permeability (32) . An increase in membrane fluidity will also affect many transport systems, the activities of which either increase or, in some cases, become inhibited (26) . Adaptation of the PLFA composition in order to modify membrane fluidity is one of the mechanisms to compensate for such effects. However, if the organisms cannot adapt to a dramatic temperature change because of starvation or lack of nutrients, this may induce stress reactions or death.
The significance of environmental factors for the PLFA profile of a complex soil microbial community is not known. Disturbance effects, like those mentioned in the first paragraph, have not been studied in soil systems either; however, this information is of major importance for the interpretation of PLFA profiles, since handling and storage often precede the actual analysis.
The objective of the present study was to investigate effects of storage, sieving, and incubation temperature on PLFAs of a soil microbial community. Soil incubated at three different temperatures or with two levels of sieving was intensively sampled in two 3-week experiments. The significance of the observed changes was evaluated by multivariate statistical analysis.
MATERIALS AND METHODS
Soil sampling. Soil was collected on 15 January 1993 from a field plot within the Long-Term Ecological Research field experiment located near the W. K. Kellogg Biological Station in southern Michigan. The treatment was a corn-soybeanwheat rotation with conventional till. The soil type of the experimental site was a Typic Hapludalf with 40 to 50% sand, 40 to 50% silt, and 12 to 20% clay. The plot sampled contained 0.9% C and 0.09% N and had a pH (KCl) of 5.1.
The soil was fallow and covered with ca. 20 cm of snow at the time of sampling, and the upper ca. 0 to 5 cm of soil was frozen. Therefore, soil for the experiments was collected from a depth of 5 to 15 cm and immediately stored at 4.5°C; on the first day, it was stored in open trays to reduce the water content prior to sieving. The final water content was 14 .5% of the dry weight of the soil. After 3 days, the soil was passed through a 4-mm mesh screen and again stored at 4.5°C in plastic bags, which were vented regularly to avoid oxygen depletion. After 7 weeks, a portion of soil was sieved through <2 mm prior to the second experiment. With Following extraction for at least 2 h, 2.5 ml of DCM and 10 ml of a supersaturated NaBr solution (0.8 g ml-') were added.
The samples were left overnight for phase separation and then centrifuged at 7,500 x g for 10 min. The upper DCM phase containing the lipids could then be removed with a Pasteur pipette. Further details about this extraction procedure are given elsewhere (5, 28) .
DCM was transferred to 10-mI Pyrex culture tubes with Teflon-lined screw caps (Baxter) and placed in a sand bath at 37°C, in which the samples were dried under a stream of nitrogen. The tubes were weighed before and after drying to calculate the fraction of the DCM phase analyzed.
(ii) Isolation of phospholipids. Polar lipids (mainly phospholipids) were isolated from the crude lipid extracts by preparative solid-phase extraction; columns with 100 mg of aminopropyl-bonded silica (Varian, Harbor City, Calif.) were applied by a procedure adapted from Kaluzny et al. (22) . Up to 10 columns at a time were mounted on a vacuum manifold, which was connected to a pump via a sidearm flask for collection of solvents. The columns were conditioned by sequentially adding 1.5 ml of hexane (twice) and 1.5 ml of hexane-chloroform (1:1 [vol/vol]). Vacuum was applied to pull solvents slowly through the column material only when these had been added to all columns. Then, the dried lipid material was transferred to the solid-phase extraction columns in chloroform (three times, 100 ,il). The chloroform was pulled through, and then lipids of low and intermediate polarities were eluted with 1.5 ml of chloroform-2-propanol (2:1 [vol! vol] ) and then with 1.5 ml of 2% acetic acid in diethyl ether. A rack with clean Pyrex tubes was placed in the vacuum chamber before the phospholipid fraction was eluted with 1 ml of methanol (twice). It (24) were included in the elution sequence. Glycosyl glycerides are primarily found in photosynthetic membranes but are also present in membranes of gram-positive bacteria (18, 27) .
(iii) Methylation of PLFAs. The methanol collected was dried under nitrogen as described above, and then fatty acid methyl esters were prepared by a mild basic transesterification (8) . One Sampling for PLFA. At sampling, three replicates of each treatment group were removed and thoroughly mixed, and two (experiment 1) subsamples or a single (experiment 2) subsample of soil (ca. 2 g [dry weight]) were transferred from each replicate to centrifuge tubes. After 4 to 7 days, a few seedlings of the common weed Chenopodium album appeared in most replicates; the seedlings were carefully removed together with adhering soil before subsampling to avoid confounding effects from the rhizosphere microflora. Replicates from only one temperature treatment at a time were handled, and the extraction mixture was added as soon as subsampling had been completed. In experiment 1, there was no difference in the variation within and among replicates, so the subsamples of each treatment were subsequently treated as six replicate analyses.
CO2 measurements. CO2 production was measured repeatedly on three 25-g portions of soil per treatment. At each sampling, the headspace (ca. 88 ml) was equilibrated with the soil atmosphere by pumping with a 10-ml syringe; then, 100 to 300 RI of atmospheric air (depending on the concentration level in the different treatments) was injected, and the same volume of gas phase was removed for the CO2 analysis. When the CO2 concentration of the headspace exceeded 2%, the container was opened to the atmosphere for 30 min, and then the CO2 concentration was measured as before to obtain a new starting value. CO2 production rates, calculated for each interval as ACO2/At, were corrected for the dilution at sampling and for dissolved CO2 assuming equilibrium between soil water and gas phase (25); temperature differences were taken into account (34) .
CO2 production was measured by infrared gas analysis (29) . To overcome this problem, the percentages were transformed by the algorithm xi -> log[xi/ g(x)], where i = (1, 29 ... n) and g(x) is the geometric mean of the n values summing to 100% (29) . The covariance matrix of these so-called log ratios was used for the PCA. There is no easy way of handling zero entries (1), which in the present experiment occurred when a peak dropped below the detection limit. Therefore, it was necessary to delimit this analysis to 15 of the originally 26 have been significant at the P = 0.05 level were observed. However, within a sequence of individual comparisons, several type 1 errors may occur by chance alone, unless the overall significance level is controlled (30) . Therefore, the 20 tests were evaluated according to the sequential Bonferroni test (30) . By this procedure, the only significant change in concentration was observed with 20:5 w3c. Temperature effects. In experiment 1, the effects of incubation temperature on PLFA were studied. The most dramatic shifts occurred within the clusters of C16-and C18-based fatty acids. Different double-bond locations were observed with both hexadecenoic (16:1) and octadecenoic (18:1) acids; however, major concentration changes occurred only with 16:1 w7c and 18:1 w7c. While these two fatty acids can be produced from 16:0 and 18:0, respectively, they are themselves precursors of cyclopropyl fatty acids cyl7:0 and cyl9:0, which are formed by a methylene bridging between the two carbons making up the double bond. In Fig. 1 , the concentrations of the saturated, monounsaturated, and cyclopropyl fatty acids mentioned above are presented for the three different temperatures of incubation. The most dramatic changes occurred at 25°C, at which the concentrations of 16:1 )7c and 18:1 o7c dropped during the first part of the experiment, while there was a concomitant but smaller increase in cyl7:0 and cyl9:0. At all temperatures, 16:0 and 18:0 fluctuated over the 3-week period. A sudden increase of both 16:0 and 18:0 was observed after 1 day at 10 and 25°C, but not at 4.5°C; since saturated fatty acids cannot be formed by in situ modification of existing monounsaturated fatty acids (see Discussion), this suggested a phase of rapid lipid turnover at the two higher temperatures.
In many microorganisms, the number of double bonds in membrane lipids changes with temperature (18) . cis-Unsaturated fatty acids have a lower melting point (or rather, phase transition temperature) than the corresponding saturated fatty acids; thus they counteract membrane crystallization at low temperatures, while a reduction in the degree of unsaturation at higher temperatures prevents excessive leakage. Survival is possible within a range of lipid compositions; optimizing the growth rate may be the most important factor behind this adaptation (18) . The degree of unsaturation can be expressed (24) as Amol' = 1(% monoenes + 2 x % dienes + 3 x % trienes ...)/100 The statistical analysis (Table 2) showed that the degree of unsaturation was significantly reduced at 25°C in the last part of the experiment, although the difference between 4.5 and 25°C after 21 days was not significant (P = 0.016 [not significant]). Since there was a decrease in the average values at all three temperatures over the 3-week period, temporal effects were also tested within each treatment, but the decrease was significant only at 25°C.
Like cis-unsaturated fatty acids, branched-chain fatty acids have a lower phase transition temperature than the saturated straight-chain fatty acids with the same molecular weight. Seven different branched-chain fatty acids were observed in this study. No significant treatment effects or changes with time could be detected with C14 and C15 acids, which were both characterized by large coefficients of variation (20 to 40%). Minor relative increases were observed for i16:0 and i17:1 at 25°C, but only for i16:0 was the difference between treatments significant (data not shown). In contrast to i15:0 and a 15:0, the concentration of i17:0 and a 17:0 varied little among replicates (Fig. 2) ; a 17:0 remained at a constant level at all three temperatures, while there was a significant increase of i17:0 in soil incubated at 25°C. Since pure culture studies have shown a relative increase of iso-over anteiso-fatty acids with an increase in temperature (23) , the ratios of i17:0 over a 17:0 and of i15:0 over a 15:0 were calculated for the individual analyses (Fig. 3) . The same very strong pattern emerged in both cases, despite the difference in variability; at 4.5 and 10°C, the ratio increased slightly and then remained constant, while at 25°C the ratio increased rapidly during the first 24 h but continued to increase throughout the 3-week period.
The relative abundance of all branched-chain fatty acids varied within a range of 16.3 to 21.7%; however, no consistent trends were observed (data not shown).
Most of the fatty acids mentioned above are found in a wide range of organisms and provide little information about community structure. However, there are fatty acids that are thought to be more or less exclusively associated with a well-defined subcomponent of the biomass. Examples are lOMel8:0 (Actinomycetes), and 18:3 w4c and 18:2 w6c (mainly fungi) (9, 36) . Interpretation of PLFA profiles on the basis of such functional groups was discussed by Findlay and Dobbs (11) for sediments and by Federle (9) and Frosteg'ard et al. (13) for soils.
In the present study, there were no clear trends or treatment effects with lOMel8:0. In contrast, in experiment 1 there was an interesting temporal pattern for 18:2 w6c (Fig. 4) , which dropped significantly during the initial phase at all three temperatures. In the second experiment, the concentration of 18:2 w6c remained at the lower level. The concentration of 18:3 w4c in experiment 1 was more variable; however, this fatty acid had dropped below the detection limit after 7 weeks of storage (Table 1) . Sieving effects. In experiment 2, the disturbance introduced by sieving was evaluated by comparing rates of CO2 evolution from soil sieved at <2 or <4 mm and incubated at 25°C (Fig.  5) ; CO2 evolution rates from soil sieved at <4 mm and incubated at 4.5 and 10°C are also shown. In all treatments, there was a maximum in activity after 12 h, even at the storage temperature (4.5°C), indicating that this high rate was in part due to release of CO2 accumulated in the soil during previous storage. The rate from soil sieved at <2 mm was higher than from soil sieved at <4 mm during the first 12 h; however, this could also be due to a more rapid equilibration between dissolved CO2 and CO2 in the gas phase. Although slightly higher average CO2 evolution rates were observed from <2-mm-sieved soil during the first week, the difference was mostly not significant, and the rate dropped below that from <4-mmsieved soil during the last week; accumulated rates from the two treatments were not significantly different after 3 weeks. There were also apparently no qualitative differences in PLFA composition (see section below on PCA).
The respiratory activity dropped after the first 7 to 10 days, during which time the major shifts in PLFA composition also generally took place (see Fig. 1 to 4) . If this initial phase of high CO2 evolution rates was due to substrates released by sieving, a pronounced difference should have been observed between soil sieved at <4 mm 7 weeks prior to the experiment and soil sieved at <2 mm immediately prior to the experiment. However, CO2 evolution rates from soil sieved at <2 and <4 mm were very similar, indicating that substrates were not released by sieving to any large extent.
PCA. In all PCA performed, the first two principal components always explained between 72 and 85% of the total variance. PLFA profiles of soil incubated at 4.5, 10, and 25°C were compared by a PCA for each sampling day, except that day 0 was included in the analysis of day 1. In Fig. 6 21 days, the difference was mainly associated with the first principal component. Although PLFA profiles from 4.5 and 10°C, respectively, tended to group together, the clusters representing the two temperatures were never completely separated.
The pattern observed in Fig. 6 would suggest that significant changes in the PLFA profile of the microbial community mainly occurred at 25°C, while the other two treatments changed little. However, the analyses provided information not about temporal changes, but only about treatment effects. Therefore, a second set of PCA was performed, in which replicates from all sampling days of a given treatment were combined (Fig. 7) . Some differences between the individual sampling days were suggested at 4.5 and 10°C; however, no clear trends were observed. In contrast, there was a strong pattern, with rapid initial changes along the first principal component (PC 1), in the clustering of profiles from soil incubated at 25°C. The cluster of day 21 falls completely within the cluster of day 14, indicating that the PLFA composition may have approached a new steady state.
At 4.5 and 10°C, only four fatty acids were represented by significant loadings on the first two principal components (i15:0, a15:0, 18:0, and 18:2 o6c), while at 25°C several other fatty acids were also important (i17:0, 16:1 w7c, 18:1 w7c, and 20:4 w6c). At 25°C, the following fatty acids generally had high positive loadings on PC 1: i15:0, i17:0, and 18:0. Instead, high negative loadings on PC 1 were found for 16:1 w7c, 18:2 w6c, and 18:1 o7c. Thus, the PCA confirmed that the individual fatty acids emphasized above (Fig. 1 to 4) were in fact significant for the separation of PLFA profiles in response to temperature. Figure 8 presents a PCA of sieving effects with the soil incubated at 25°C (experiment 2); the two levels of sieving were analyzed together but are presented separately to improve clarity. As in Fig. 7 (25°C) , there was a rapid change away from the initial PLFA composition, and again a new steady state seemed to be reached after approximately 2 weeks. In this case, the shift mainly occurred along PC 2, where the highest positive loadings were found for i17:0 and 18:0 and high negative loadings were found for a15:0, 16:1 w7c, 18:1 w7c, and 18:2 w6c.
Quantitative changes. The summed areas of the GC analysis were used as a relative estimate of the amount of PLFA for a comparison among the three incubation temperatures within each sampling day ( Table 3 ). The variation was large; however, after 21 days the amount of PLFA had dropped significantly at 25°C relative to 4.5°C, while the drop was not significant relative to soil incubated at 10°C (P = 0.035 [not significant]).
DISCUSSION
Ecological studies often require intensive sampling in order to capture spatial heterogeneity or temporal dynamics. It leaves the researcher with a practical problem of how to handle the samples until the analytical work can proceed. Federle and White (10) studied different methods of preserving estuarine sediments for lipid analyses. Direct extraction of the lipids was proposed as the ideal solution; however, they also found that a 5-day storage of sieved samples at 5°C, as well as long-term storage in Formalin, did not alter the PLFA composition significantly.
Although immediate extraction of the lipid material is no doubt preferable, storage cannot always be avoided. In this study, any changes in the concentrations of individual fatty acids during the almost 6-week storage period between experiments 1 and 2 (Table 1) were generally not significant, although a number of peaks dropped below the detection limit and therefore could not be tested. Unfortunately, the power (i.e., the probability of detecting significant differences) of a test involving many individual comparisons is low. Findlay et al. (12) , who faced a similar analysis with 29 different fatty acids, chose an a level of 0.02 for the individual tests but had to accept a 46% chance of having one or more type 1 errors.
Using this approach, we would have found significant changes also for 16:1 w5c, il7:1, 18:0, and 20:4 w6c. Fungal hyphae may have been damaged by sieving (see below), so it is probably advisable to store the soil without sieving. The storage temperature (4.5°C) was not very different from the in situ temperature in this study, but if sampling had taken place at a time where the average soil temperature was, for example, ca. 20°C, more dramatic changes in the PLFA composition might occur upon storage at ca. 4°C.
Homogenization of the soil may release a pool of substrate (6) , who studied sieving effects on mineralization in 10 different soil types. It thus appears that the changes observed in PLFA composition were only to a small extent associated with physical disturbance. A possible exception is the concentration of 18:2 w6c, mainly of fungal origin, which in experiment 1 dropped significantly at all temperatures (Fig. 4) , perhaps because filamentous fungi were more susceptible to damage by sieving than single-celled organisms. Since the drop also occurred at the storage temperature, the concentration of this fatty acid may have been even higher than the initial value of ca. 7% at the time of sampling.
Federle (9) found that the concentrations of 18:2 w6c in 47 different species of fungi were normally distributed, and he suggested that the average value, 43%, could be used to estimate the contribution of fungi to the total biomass. With this approach, he found that 13 to 33% of PLFAs in four surface soils of different textures were of fungal origin, while Frosteg?ard et al. (13) estimated that 25 to 36% of the PLFAs were fungal in two forest soils. In the present study, fungal PLFAs constituted 16.5% of all PLFAs at the start of the first experiment, decreasing to ca. 7% after 3 weeks. Although the concentration of 18:2 w6c may have decreased before the first experiment was started, these percentages are much lower than estimates based on respiratory activity using specific inhibitors (2) ; however, the relationship between membrane lipids and the metabolically active cytoplasmic volume is not straightforward because of differences in surface-volume ratio between filamentous organisms and single cells, as well as the difference in size class distribution (33) and the presence of cell organelles in eukaryotes, but also of lamellar structures in, e.g., nitrifying bacteria.
The limited effect of sieving suggests that temperature was the major factor behind the changes observed. Among microorganisms, membrane lipids are regulated in response to temperature changes by one of two main strategies: by changing the degree of unsaturation or, less commonly, by changing the concentration of branched-chain fatty acids (23) . The incubation temperatures were all higher than the in situ temperature, which was close to the freezing point. The expected response would be a decrease in the concentration of cis-unsaturated and branched-chain fatty acids and a corresponding increase in the concentration of straight-chain saturated fatty acids, which have higher phase transition temperatures. This, however, is complicated by the fact that very few organisms are capable of removing a double bond by hydrogenation of intact membrane lipids (17) ; therefore, the conversion of unsaturated to saturated fatty acids can take place only in connection with membrane lipid turnover or growth. This is probably also true for the regulation of branched-chain fatty acids (18) . Other adaptations, such as regulation of the average chain length or the proportions of different lipid classes, are also associated with lipid synthesis. Since biosynthetic reactions require that the organisms have access to an energy source, a large part of the soil community may not be able to adapt to a dramatic change in temperature, or may only be able to do so at the expense of other cell constituents. On the other hand, failure to adapt will increase energy requirements for maintenance of the proper intracellular environment because of impaired membrane function. This energy demand in an energy-limited soil environment may lead to stress reactions or death for part of the biomass.
The observations made in this study are consistent with the interpretation described above of how a soil microbial community will respond to a dramatic temperature increase. The degree of unsaturation decreased at 25°C within 1 to 2 weeks, while no decrease occurred at 4.5 or 10°C (Table 2) . Within the group of branched-chain fatty acids, a large increase was observed at 25°C for i17:0, while minor increases were seen for a17:0, i16:0, and i17:1 at this temperature. The ratios of i15:0 and i17:0 over a 15:0 and a 17:0 remained nearly constant at 4.5 and 10°C but increased at 25°C (Fig. 3) . This is in accordance with pure culture studies, mainly of Bacillus species, in which the ratio between iso-and anteiso-fatty acids increased with increasing temperature (23) . This reflects the difference in melting points between iso-and anteiso-fatty acids, which is in the order of 25°C (23) .
During the first week, the cyclopropyl fatty acids cyl7:0 and cyl9:0 increased at 25°C, while the two precursors, 16:1 w7c and 18:1 w7c, decreased. This pattern, i.e., an increase in cyl7:0 and cyl9:0 and concomitant decrease in 16:1 w7c and 18:1 w7c, was also observed by Guckert et al. (15) in sediment slurries incubated anaerobically. Cyclopropyl fatty acids, which are mainly found in gram-negative bacteria (18) , are formed by modification of existing membrane lipids, often as the organisms enter the stationary phase. Factors such as oxygen depletion, decreasing pH, a high concentration of Mg2+, high temperature, and poor nutrient quality have been shown to stimulate their production in pure culture studies (14, 16, 18) , and thus it appears that this class of PLFAs is formed under stressful conditions. In the present study, the production of cyl7:0 and cy19:0 increased with temperature. Although a relative increase in the number of gram-negative bacteria is possible, the accompanying decrease in the corresponding monounsaturates makes it more likely that this was mainly a response to the temperature increase.
The total amount of PLFA, as reflected in the summed area per gram (dry weight) of soil, apparently decreased at 25°C relative to 4.5 or 10°C during the 3-week incubation (Table 3) , although a significant difference was observed only after 21 days. Petersen et al. (28) found that lipid P in soil from six plots in two field experiments decreased by 25 to 57% over 3 weeks. An initial decline of approximately 20% in microbial biomass C, determined by the chloroform fumigation direct extraction method, was also observed by Joergensen et al. (21 [ Fig. 4a in this reference]) after 10 days of incubation at 25°C (following storage at 10°C), although these authors emphasized the long-term development over 240 days. Other studies of similar or smaller temperature effects on biomass C and N were quoted. The decline may be caused by cell death or, as earlier suggested, may reflect degradation of storage material or cell constituents, including membrane lipids (35) , in response to higher energy requirements at the elevated temperature.
Several analytical techniques require incubation at 20 to 25°C prior to or as a part of the actual measurement. Notably, these include most chloroform fumigation-based methods for quantification of the microbial biomass, which generally employ between 2 and 7 days of preincubation at 25°C to "stabilize the biomass" (e.g., see references Sa, 7, 19) , although direct extraction after storage at 4°C has also been used (4) . With the fumigation incubation technique (20) , it is assumed that CO2 produced by the control during a 10-day incubation at 25°C comes exclusively from substrates being released from dead organic matter in the soil. While this may be largely true after a 7-day preincubation, the present study has provided evidence of temperature adaptation and possibly a decrease in There is still little information about the significance or time scale of variability caused by environmental factors on PLFA profiles in natural systems. White (37) suggested that the conditions of growth allowing survival in a highly competitive consortium of microorganisms would severely restrict this kind of variability. However, in surface soils there may be significant temperature variations, to which large parts of the microbial community respond in a similar way. The range of temperatures experienced over the year in temperate regions may not be very different from the range applied in this study. In the soil studied here, there was a significant separation of PLFA profiles within this temperature range, as reflected in the PCA; whether similar shifts can be observed in situ, as a seasonal variation, awaits further investigation.
Temperature adaptation within a complex microbial community has, to our knowledge, not previously been studied with PLFA analyses. Although a number of changes could be explained as such with reference to pure culture studies, the possible influence of nutrient availability on the shifts occurring must be acknowledged. Firstly, the temporal pattern is probably influenced, since starved cells would not be able to adapt as quickly as well-fed cells. Secondly, different PLFA changes may occur within a given species, depending on the quality of the carbon source (14) . Thirdly, the inability of some organisms to adapt may lead to cell death and thereby induce successional changes fuelled by substrates released from the organisms that died. This interaction between temperature adaptation and nutritional status adds a new level of complexity to the characterization of microbial communities in their natural environment, and it may significantly affect the outcome of methods that involve several days of incubation at an elevated temperature.
